Continuous nanobelts of nickel oxide-cobalt oxide hybrid with improved capacitive charge storage properties. The address for the corresponding author was captured as affiliation for all authors. Please check if appropriate. Jmade(2017Jmade( ), doi: 10.1016Jmade( / j.matdes.2017 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. While the constituent binary metal oxides (NiO and Co 3 O 4 ) formed solid cylindrical nanofibers the hybrid and a stoichiometric compound in the Ni-Co-O system, i.e., spinel-type NiCo 2 O 4 , formed as thin nanobelts due to the magnetic interaction between nickel and cobalt ions. The nanobelts showed six-fold larger surface area, wider pores, and impressive charge storage capabilities compared to the cylindrical fibres. The hybrid nanobelts showed high specific capacitance (C S ~1250 F g -1 at 10 A g -1 in 6 M KOH) with high capacity retention, which is appreciably larger than found for the stoichiometric compound (~970 F g -1 at 10 A g -1 ). It is shown that the hybrid nanobelts have lower internal resistance (1.3 Ω), higher diffusion coefficient (4.6×10 -13 cm 2 s -1 ) and smaller relaxation time (0.03 s) than the benchmark materials studied here.
Introduction
Hybrids of functional materials have long been synthesized for achieving enhanced physical and chemical properties. In this era of energy intensive electronics and electric vehicles, devices utilising hybrid materials are gaining increased importance as they could offer improved performance at a lower cost [1] [2] [3] [4] . Furthermore, if the hybrid materials are synthesized in one-dimensional morphology at nanometer dimensions, electrical properties could be tailored [5, 6] . Hybrid properties are achieved through many methods such as physical mixing of its components, chemical methods such as core/shell, hierarchical structures, nanoparticle-decorated nanowires, and carbon-reinforced porous materials are few examples [7] [8] [9] [10] [11] [12] [13] .
Considerable efforts have been made on fabricating electrochemical energy storage devices, such as batteries and electrochemical capacitors, utilising combined properties of hybrids [14] [15] [16] [17] [18] [19] . Due to anisotropic electrical properties, nanowires (NWs) are a preferred choice as electrodes for energy storage; many nanowire systems are reported with excellent charge storage properties [20, 21] . A nanobelt morphology is preferred over nanowires of spherical cross-section because the former could offer higher surface-to-volume ratio and reduced diffusion path for ions in electrolyte creating better charge discharge rates [22] .
Although there are few reports on the nanobelts of a single material system [23, 24] , a nanobelt of a hybrid of two chemically distinct phases has not yet been reported.
Among the widely explored electrochemical materials as supercapacitor electrodes, NiO and Co 3 O 4 received high attention owing to their high theoretical specific capacitance (C S ~2570 and ~3560 F g -1 , respectively). Although Co 3 O 4 based devices provide high C S their inferior rate capability due to poor electrical conductivity (~10 -3 S m -1 ) poses an issue.
On the other hand, NiO offers an order of magnitude higher conductivity (10 -2 S m -1 ) despite M A N U S C R I P T 3 its relatively lower C S . There have been efforts to enhance electrochemical performance of Co 3 O 4 by the addition of NiO [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Although improved C S have been reported in many of these works, poor rate capability and device performance were still observed. As a solution to these shortcomings, in the present work, a hybrid of NiO-Co 3 O 4 in the forms of continuous nanobelt (hybrid nanobelts, HNBs) has been synthesized by electrospinning technique [39] .
Interestingly, the single component counterparts, i.e., NiO [40] and Co 3 O 4 [41] , formed as nanowires while the hybrid was nanobelts under similar electrospinning conditions. A stoichiometric compound (NiCo 2 O 4 ) has also been synthesized as nanobelts; electrochemical characterization of the materials show that the HNBs show superior capacitive charge storage properties.
Experimental details
The NiO-Co 3 O 4 hybrid was synthesized by electrospinning technique using a similar procedure adopted for their single component binary counterparts [40, 41] [42] .
In addition, a ternary stoichiometric compound, NiCo 2 O 4 , was also synthesized by electrospinning using a similar procedure except that stoichiometric amounts of Ni and Co precursors were dispersed in the PVA solution.
The viscosity of the polymeric solution used for electrospinning was measured using a rheometer (LVDV III Ultra, Brookfield Co.,USA). The crystal structures of the material were studied by X-ray diffraction (XRD) using a Rigaku Miniflex II X-ray diffractometer employing CuKα radiation (λ = 0.15406 nm). XRD analysis was carried out by putting the powder sample into the holder followed by pressing it lightly using a glass slide to obtain smooth flat surface and was scanned in the range 2θ = 20 to 70° with step size 0.02°and scan speed 1°/min. The morphology and microstructure of the materials were studied by scanning electron microscopy (7800F, FESEM, JEOL, USA). For this analysis the metal oxide samples were recorded with smaller constant pass energy of 20 eV with a resolution of 0.1 eV. Charge referencing was carried out against adventitious carbon, assuming its binding energy at 284.8
eV. The spectra were analysed using Origin 9.0 by fitting the high resolution spectra into multiple Gaussian curves; the baseline was modelled by adjacent averaging. Gas adsorption behaviour and BET surface area of the materials was determined using Micrometrics (Tristar, 3000) instrument in nitrogen atmosphere.
The electrodes for electrochemical studies were fabricated by coating slurry of the active material on pre-cleaned nickel foam substrates using acetone, HCl, water and ethanol.
The slurry, in a typical experiment, was prepared by mixing the NiO- Results and discussion
The FESEM images of the as-spun fibers of the polymeric solutions containing precursors in the 1:1 molar ratio (which developed the NiO-Co 3 O 4 hybrid upon heating, hereafter termed as hybrid nanobelts, HNBs) and the one intended to prepare the stoichiometric compound, NiCo 2 O 4 , are shown in figure 1 . The images show a bimodal distribution of fibre sizes and morphologies; small cylindrical fibers and large belt-like fibers.
The belt-like fibers had a thickness up to ~900 nm, whereas the cylindrical ones had much smaller diameter (~200 -300 nm). However, upon annealing they formed into nanobelts of thickness ~9 nm and average width of ~250 nm (figure 1 c-f). Interestingly, while the HNB and NiCo 2 O 4 were nanobelts, their binary components, i.e., NiO [40] and Co 3 O 4 [41] , formed as nanowires with an average diameter of ~55 nm (See supplementary information, figure   S1 ), under similar electrospinning conditions.
There are conflicting ideas regarding nanobelt formation during electrospinning [24, [43] [44] [45] . One of the ideas suggests that the thickness of as-prepared fibres could be tailored by changing the metal ion concentration of the initial polymeric solution, which upon annealing results in different morphologies such as fibres, belts or tubes [24] . Cheng et al. suggest that water evaporation rate and PVP burning rate during annealing of the polymeric fiber considerably influence the formation of different morphologies including nanobelts [46] .
Another more general concept suggests tailoring of electrospinning parameters (such as viscosity, humidity, flow rate, applied voltage etc.) for obtaining different morphologies [44] .
Formation of belt morphology has been explained as arising from a mechanical impact when thicker partly solidified gel-like fibres fall on the collector surface [44] . While few thicker asspun fibers in figure 1 support this idea, a large fraction of as-spun fibers are cylindrical and the origin of belt-formation may be different.
For understanding the reason behind the belt formation in the present study, the viscosities of the spinning polymeric solutions were measured ( For example, assuming a dimension of ~1 m length, the belts of the HNBs have ~6-fold larger surface area than wires, which has been confirmed using BET surface area measurements to be discussed later.
The morphology, surface, and lattice structure of the HNBs were further examined by TEM. Surface properties of the materials were studied by nitrogen adsorption-desorption measurement. The nitrogen adsorption isotherms of all the samples are shown in figure S5 (ad). BET surface area, total pore volume, and average pore diameter of the materials determined from the adsorption measurements are listed in Table 3 . It can be seen that the surface area of the HNBs (~79 m 2 g -1 ) are similar to the NiCo 2 O 4 samples (~70 m 2 g -1 ) and much higher than their binary analogues (~14 m 2 g -1 ). i.e., measured surface are of the nanobelts were over 5-fold larger than their binary analogues as predicted from the SEM images. This higher surface area of the samples is reflected in the superior electrochemical properties, such as capacitive rate capability, which is to be discussed later. The inset of the BET curves shows the presence of micro, meso and macropores, suggesting improved solvated ion intercalation and larger accessible surface area which results in improved electrochemical properties [53] . Comparatively, pore diameter (~21 nm) and specific pore volume (0.5 cm 3 g -1 ) were higher in the case of HNBs than the NiCo 2 O 4 nanobelts (pore diameter ~17 nm and pore volume ~0.3 cm 3 g -1 ) and binary analogues (pore diameter ~11 nm and pore volume ~0.5 cm 3 g -1 ), which is possibly a source of its larger surface area.
Interestingly, the pore diameter of the HNBs (~ 21 nm) is more than double the thickness of the belts (~10 nm), consistent with the observations from TEM studies. The pore size of HNBs is larger than the solvated ion size of many electrolytes [43] ; and therefore, HNBs would offer unique advantages when they are used for electrochemical applications. Figure 5d shows the charge-discharge cycle of HNBs from which equivalent series resistance (ESR) could be reliably calculated [9] . 
However, these relations alone cannot explain the observed C S because the HNBs and 
where n is the number of electron transferred to the electrode surface, A is the surface area of the electrode, D is the ion diffusion coefficient, v is the scan rate, and C 0 is the initial ion concentration. One would observe that the HNBs show the largest slope thereby offering superior charge diffusion process through the electrode. The Ds calculated using the slope of i vs v 1/2 graph is in Table 4 . Highest value of D (4.6×10 -13 cm 2 s -1 ) is observed for HNBs which suggests an improved rate of ion transport and, consequently, relatively lower electrode polarization during charge-discharge process [55, 56] . On the other hand, (Table 4) but NiO with similar pore size has an order of magnitude higher D due to its higher electrical conductivity.
Therefore, one could argue from the improved D and C S of the HNBs that a synergistic combination has been achieved.
To further correlate surface properties and C S , the quantity of electrochemically active sites in the electrodes accessed by the solvated ions (n) in the electrolyte, which varies with scan rates, was calculated following the equation (6),
where 'm' is the molecular weight, V is the redox potential, F is the Faraday's constant and 
Conclusions
In and porosity as well as improved electrical conductivity. Besides, the porosity of the hybrid nanofibers, which is two times higher than the thickness of the belt, was helpful in achieving large ion diffusion coefficient and consequently large fraction of its electrochemically active surface. The hybrid nanofibers have a specific capacitance much higher than that of the stoichiometric NiCo 2 O 4 and constituent binary metal oxides. Table 1 Viscosities of the electrospinning polymeric solutions 
